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Abstract Icy = length of cylinder DTIC Tii:B

A PNS code's capability to predict the onset £ length of flaren un

of laminar and turbulent boundary layer Ju2.ti _c

separation, forces, moments, and pressure M, freestream Mach number
distributions was investigated. Predictions of free sy. __ It
incipient separation show good agreement with P_ pressure 4

experimental results. Force and moment
calculations were found to agree favorably with P Cpeaseaa pressure ".'"
experimental data for a wide range of geometries Aviil:-

for Mach numbers from 2 to 4 with turbulent QW w-all heating rate A't
boundary layers. Limited comparison of pressure Dist
distribution data also showed good agreement. ReL = (uuL)/I
Skin friction and Stanton number calculations are
presented to indicate the code's capability to St = Stanton number,
calculate this information and hence, provide a QW/O.ep(TW - Tt)
complete data base for attached flow conditions. Q2T
The sensitivity of these calculations to Tt = total temperature - <

smoothing and marching parameter variations was
examined and found to be acceptable for most TW  = wall temperature
design work. The code was found to be suitable
to complement or reduce wind tunnel experiment- u_ = axial component of freestream velocity
ation for the design of this class of configura-
tion with regard to accuracy, cost and usability. x = axial location

Nomenclature OL = angle of attack

A = reference area ac = cone half angle 0010

Cf = skin friction coefficient, 2 TW/ Q.u 2 ef = flare angle "%000

CM  = pitching moment coefficient about =freetream viscosity
model tip, (moment)/1/2 PQiuAd XP_ = freestream density . "

%

CN  normal force coefficient,f 4esra.est
CN(normal force)11/2ou A= axial component of wall shear

Cm initial pitching moment curve slope, = circumferential angle

___ , per deg.

3CL I. Introduction

*N  initial normal force curve slope,
'-N , per deg. There are an abundance of technical papers in

the literature concerning the application of PNS
pressure coefficient, (P-P,)l '4U_ codes to various configurations; see, for example,

References 1-7. A summary of PNS work is given in
*: pecific heat at constant pressure Reference 8. Some of these papers address the Eli

flow about flaps and flaresl-
3
. Others address

, cylinder diameter the flow about boattails
5 -7

. However, little
.ffort has been made to assess the accuracy, cost -"

length of cone-cylinder combination, effectiveness, and usability of a PNS code for a
".(cn "

1
cy) complete set of data that might be used to design

-tt""dlngha relatively simple aerodynamic shape, such as a
toa bcone-cylinder-flared projectile. Further, there

has been little effort to establish the limits of
length of cone a PNS code in predicting incipient (onset of)

.. , separation with regard to flap or flare design. %
E A The parabolic nature of the PNS (marching) codes ,.

eAerospace Englneer, Aeromechanics Division, causes them to diverge or "blow up" when flow
Member AIAA velocities opposite to the marching direction are
A 'encr Staff Scientist, Thermo- and Gas encountered

3
. However, it has not been

. yriamis Division, Member AIAA established that thidt orgence

thid~genforrelonds to

." . - . . . %. *- . .. , .. , .:,- . - . 'K -.. ..- -. . .. .',-'. '. .- " ,:.::
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incipient separation determined from were 0.2 with the exception of the implicit

experimental data. smoothing parameter which was 0.40. The nominal %
value of the grid spacing parameter at the wall

* The purpose of this paper is twofold. The was .0001. Any exceptions to these parameters
S ."first purpose is to assess the ability of a PNS will be noted in the text.

code to accurately detect the onset of
separation. The second purpose is to provide a III. Configurations and Flow Conditions
set of calculations for cone-cylinder-flared
bodies of revolution, compare them to To meet this paper's first objective, the

experimental results, and make an assessment of separation study, a 100 cone-cylinder-flare 3
the suitability of PNS calculations to supplant (Fig. 1) was examined at a freestream Mach number
or replace wind tunnel testing including accuracy of 5 to determine the capability of the PNS code

and cost effectiveness. In the next two sections to detect the Onset of flow separation induced by
a brief description of the PNS code and the shock/boundary layer interaction at the cylinder-

, configurations and flow conditions considered for flare junction. The flare angle and Reynolds

both the separation and aerodynamic studies will number were varied to examine the relationship
be presented. In the third section, typical among flow and geometry parameters regarding the
results will be examined and discussed for each onset of separation. Incipient separation was
study, and finally, major conclusions will be investigated under both laminar and turbulent
given, conditions. The laminar unit Reynolds number was

varied from 1.5 x 105/in. to 4.0 x 105/in.
II. PNS Code Description The turbulent range was taken from 7.0

x 10
5
/in. to 1.5 x 10

6
/in. All cases were

The code chosen for this study was developed run for a wall temperature of 5200 R and a
to solve the steady-state, ideal gas, high freestream temperature of 432

° 
R.

Reynolds number, thin layer, parabolized Navier-
Stokes equations

9
-
11
. This marching code is To address the second objective, the

based on a non-iterative technique formulated by aerodynamic study, several cone-cylinder-flared
Schiff and Steger which uses the Beam and Warming configurations (Fig. 1) have been examined.
implicit finite-difference relations and the These configurations were identical to those
alternatin direction implicit algebraic equation tested in a wind tunnel study in the mid
solver

12
,
1
3. 1950s

16 - 18
. PNS results are presented for Mach

numbers of 2.18, 2.81, and 4.04 at unit Reynolds
The initial code was modified by Chaussee et numbers of 50 1 5/in., 6.0 x 10568n.,

a.,2,9
- 11 

to solve for the flow field around 4.0 x 105/in., respectively. Fully turbulent
configurations with blunt tips by using in-flow flow was assumed for all conditions. All cases
data starting planes generated from a full Navier- were run for a freestream total temperature of
Stokes code. The present form of the code 5420 R and a wall temperature of 5270 R. This
expands the work started by Chaussee et al., to wall temperature is very near adiabatic
include refinements in the prediction procedure conditions. An adiabatic wall condition ""
involving grid generation, boundar conditions, tried but the code failed to march on to tho 200

.4. and increased numerical stabilitylz. When flare, owevr,.e code sUCCes-11-y mlarched-

. flows with turbulent boundary layers are over a 50 flare under these conditions.
considered, the Baldwin-Lomax algebraic two layer
turbulence model is emplo ed to calculate the IV. Results and Discussion
turbulent eddy viscosity

1  
.

A. Separation Study

All PNS flow field solutions were obtained by
marching from an externally supplied starting The separation study with its objective of
solution one half cylinder diameter aft of the determining the ability of the PNS code to detect
conical nose vertex. An algebraic grid measuring incipient separation was accomplished for a given
19 by 45 points in the circumferential and radial Reynolds number by gradually increasing the flare
directions, respectively, was employed. Thirty angle until the code indicated separation had

five of the 45 radial grid points were clustered occurred, and then comparing the results with
near the wall to resolve the boundary layer. An experimental data. These results are compared in
axial marching step size of .025 cylinder Fig. 2 with experimental two-dimensional ramp
diameters was employed up to a plane one cylinder data on incipient separation correlated by
diameter aft of the cone-cylinder juncture. This Needham and Stollery

20
. To first order the

small step size was necessary to capture the flare appears as a two-dimensional ramp to the
strong gradients in the flow field that occur in PNS code. The PNS code provides reasonable
the shoulder region. The step size was then estimates for the condition of incipient
relaxed to 0.1 diameters while marching along the separation. For the case of laminar flow,

cylinder to a plane 0.6 diameters upstream of the separation is indicated at slightly higher flare
cylinder-flare juncture. The step size was then angles than occurred for the experimental data on
reduced to .025 diameters to accommodate the two-dimensional ramps. The trend with Reynolds
accompanying rapid pressure rise. This step size number closely follows the experimental data.
was approximately one fourth the boundary layer For turbulent flow, separation occurs at a
thickness in this region. Previous work done by slightly lower flare angle than the two-
Viegas and Horstman indicates that a step size on dimensional data would indicate. The affect
the order of half a boundary layer thickness is on indicated separation caused by variations in
sufficient to resolve two-dimensional shock' the code's smoothing parameters was examined and
boundary layer interactions

19
, Nominal values is summarized in Table 1. The results indicate

of the code's smoothing and damping parameters that a decrease in the incremental smoothing

*.- .. . j**-. *'



parameters causes the code to register axial the cylinder, which is the case for the longer

separation at lower flare angles. This is cylinders (tcy/d = 4.0). Hence, the curves in

consistent with the purpose of these parameters Fig. 7 are flattening out with increased 2eg/d.

to augment the axial velocity component so that The affect of cylinder length on Cm is much

* isolated small negative axial velocities will not more dramatic and direct. Although there is a

arbitrarily preclude further marching, slight decrease in CNu with cylinder length as

Similarly, results indicate that a decrease in Just discussed, the primary affect on C. is to

the explicit and implicit artificial viscosity increase the moment arm. Hence, C, increases

smoothing parameters causes the code to indicate almost linearly with 
J
-y/d (Fig. 8)

7  
In -P.

separation at higher flare angles. It is not Figs. 9 and 10 the Mach number trends are the

completely understood why this latter affect is same as one would obtain on cones (Ref. 22, Chart

present. In conclusion, using the nominal values 8). CH o and C . decrease with Mach number

of the smoothing parameters, reasonable estimates for er = 50. However, both coefficients

of incipient separation can be obtained, increase with Mach number for ef : 20.

B. Aerodynamic Study Drag coefficients were not measured in
References 16-18; however, a comparison with

Over fifty different cases were calculated to experimental data at M_ : 3.0 on a 200 flare
2 3

verify the code's suitability to predict flow shows good agreement:

field and aerodynamic force and moment variations
due to changing geometric parameters and CDexperiment

= 
2.22 , Mo: 3.0

freestream Mach numbers. This number of cases xprmn
was sufficient to obtain an estimate for the cost 'c 22.5 Rcy/d =4, Zf/d : 2.4
of computing a complete data matrix as in the 2*19

wind tunnel testsll- and to obtain an CDcomputation: 2.19 Mo : 2.81

assessment of the utility of the code.
This is not surprising since the total drag is

Typical force and moment results are shown in dominated by wave drag (base drag is not
Figs. 3-10. Variations of normal force included), and the pressure distribution shown in

coefficient and pitching moment coefficient with Fig. 11, to be discussed next, agrees quite well

angle of attack are compared with the with the experiment.

experimental data in Figs. 3-4. Variation of
initial normal force curve slope and initial Figure 11 demonstrates the generally good

pitching moment curve slope with flare angle and agreement between the computed and experimental . -

flare length are compared with the experiment in axial pressure coefficients, with the

Figs. 5 and 6. Variations of normal force curve experimental data being slightly higher than the
slope and pitching moment curve slope with computations. Fig. 12 shows the circumferential
cylinder length and Mach number, as well as distribution of pressure coefficients. The
comparison with experimental data, are presented distributions immediately upstream of the flare

in Figs. 7-10. A typical axial distribution of (x/Z : 0.50) and at the flare's base (x/ : 1.0) N
the pressure coefficivnt for both the windward show the expected steady decrease in pressure

and leeward rays at 2 angle of attack is from windward to leeward, although the variation

presented and compared with experimental data in Just before the flare is very small. The
Fig. 11. Circumferential distributions at three distribution Just after the cylinder-flare

axial locations are given in Fig. 12. Similar Junction (x/i : 0.54) begins with this trend, but

axial and circumferential distributions for skin the pressure starts to rise again as it

friction coefficient and Stanton number for the approaches the leeward side (0 -70) and then

same conditions are presented in Figs. 13-16; stabilizes. This suggests the possibility that

however, experimental data were not available for circumferential separation is beginning to
comparison, occur. Circumferential separation, if present,

is not very strong since there is no evidence of
Figures 3-10 demonstrate basic force and it further back on the flare. (Though not

moment results for parametric variations normally included in the results, a long cone-cylinder

encountered in a design process. All of the configuration was examined at these flow

results show good agreement with experimental conditions and showed strong evidence of

data. The absolute values of the calculations circumferential separation.) It should be noted

are slightly higher than the corresponding that this 200 flare angle is very near incipient

experimental data (as much as ten to fifteen separation, as can be deduced from Fig. 2. This

percent for large flare angles and angles of is supported by the fact that the experimental

attack). However, the accuracy achieved is pressure distribution (Fig. 11) also shows a
sufficient for most design work. As one would slight pressure rise starting at approximately
expect, larger flares produce larger normal force x/z : 0.48. The computed results for skin F

Scurve slopes and pitching moment curve slopes, friction and Stanton number for this case also

This is evident in Figs. 5 and 6 for both flare indicate that the boundary layer is close to

" length and flare angle. Generally, the affect of incipient axial separation.
a longer cylinder length is to decrease CN"
(Fig. 7). This is a result of so called "lift The axial and circumferential distributions

carry over"
2 1 

which refers to the significant of the skin friction coefficient are presented In

circumferential pressure difference around short Figs. 13 and 14, respectively. An examination of

cylinders at angle of attack. This pressure Fig. 13 reveals that skin friction varies

difference is converted into additional lift on smoothly with axial position except in the

the flare above that which the flare would vicinity just downstream of the flare junction.

generate if the pressure was more uniform around

3



The flow expansion at the cone/cylinder shoulder number near 0 7OO is evident. Again, this is

increases the boundary layer thickness resulting associated with a possible circumferential

in a rapid decrease in skin friction coefficient separation.

which then steadies to a slow decline as one
expects of a turbulent boundary layer. The A very brief study was conducted to determine

sudden increase in the skin friction coefficient the sensitivity of results to code inputs such as

at the flare junction is physically unreal and is smoothing parameters, marching step size, and

a result of the parabolic nature of the grid spacing in the boundary layer. The affect

equations. In the real flow the pressure rise Is of smoothing parameters on axial separation has

felt forward of the flare junction, allowing the been discussed previously. The force and momentflow to gradually decelerate reducing the skin results were only weakly affected by these

friction ahead of the flare with a further rapid parameters, on the order of a few percent or

decrease on the first position of the flare. The less. All the distributions were likewise only

existence of the negative value of skin friction slightly affected except in the region of

can be misleading since the code's smoothing shock/boundary layer interaction near the

parameters produce the necessary stabilization junction of the flare, particualarly the 200

under these conditions. However, it does flare angle case where the flow is near

indicate that the 200 flare is very close to separation. In this area significant affects

axial separation. The flow finally stabilizes, were present. The pressure coefficient varied by

and the skin friction coefficient on the flare thirty to forty percent near the maximum C

resumes its steady decline. As expected, the and the oscillations that occurred did not dampen

skin friction is higher here than on the cylinder out immediately. The greatest sensitivity due to

because of the thinner boundary layer on the the variation of these parameters occurred with

flare. The circumferential distributions at the skin friction coefficient in this same

"xi= 0.50 and x/Z= 1.0 vary smoothly, region. This is not as critical in one sense,

reflecting the thinner boundary layer on the because skin friction is not an important

windward side (higher Cf) and thicker boundary contribution to drag. However, the skin friction

layer on the leeward side (lower Cf); see Fig. curves may be the best indicator of how close to

14. The distribution at x/i = 0.54 is not as separation the flow is, rather than relying on

uniform and reflects the fact that there is some the PNS code failing as a criteria. To

circumferential separation occurring immediately summarize, the sensitivity study, although brief,

downstream of the flare junction. Details of indicated that basic design data, such as forces

this curve and similar curves in the region and moments, are insensitive to the above

between x/i = 0.52 and 0.60 should not be taken parameters as are the distributions of pressure,

as absolute but do indicate boundary layer trends skin friction, and Stanton number, except in the

and the nearness of axial separation. region of a rapid geometry change. However, in a

region of rapid geometry change such as the flare

Figures 15 and 16 respectively show the axial junction, results are sensitive to these
and circumferential Stanton number. The computed parameters, and the user should conduct his own

values result from the wall temperature being set sensitivity studies.
slightly higher than the wall's recovery
temperature under adiabatic conditions C. Evaluation of Usability

(Tw = 527 ' R). Hence, in general the heat
transfer is from the wall to the flow which It is not sufficient that the PNS code

results in a negative Stanton number over much of provide accurate results. The code must do so in

the body (Fig. 15). Exceptions occur downstream a cost effective fashion as well as provide

K . of the cone-cylinder shoulder and downstream of results in a timely and flexible manner to impact
the flare junction. At the shoulder, the the engineering design of an airframe. In

boundary layer Is cooled by the expansion and discussing the cost and usability of the code,

greatly thickened. The cooling would tend to two sets of factors must be remembered. First,

make the heat transfer more negative, and the the results were generated on a medium size

thickening would reduce the magnitude. Neither computer, a CDC Cyber 176. Second, the users, in

would change the sign as indicated. Therefore, this case the authors, are not computational

the change in sign is not fully understood and experts but users of codes for aerodynamic

may be a result of the parabolic nature of the research and analysis along with other available

equations. Downstream of the flare junction the tools, both experimental and analytic. %

compression heats the flow increasing the air
temperature, and the boundary layer becomes It is estimated that a complete computational

thinner due to the pressure rise. The data matrix comparable to that of the wind tunnel

compression is sufficient to change the sign of test of Ref. 16-18 could be obtained at one sixth

the heat transfer. The thinning of the boundary the cost of a wind tunnel test today. This

layer would increase the magnitude. Neither, computational estimate includes a small factor to
however, are sufficient to explain the very high cover geometry initiation and errors in data

Stanton number immediately after the flare entry. The computational cost also reflects
junction. Again, this spike may be a result of maximum use of restarts using stored data planes

the parabolic nature of the equations. Further generated from previous calculations. This

Jownstream of the junction, the flow rapidly factor of six is considered to be a conservative
adjusts and resumes its negative Stanton number estimate, because the low computer cost,
level. The circumferential variation tends to be flexibility, and short response time (on the

smooth at the "' 0.50 and 1.0 locations, being order of a few hours) for the computation would

slightly more negative on the windward side where allow a more efficient approach to the design

the boundary layer is thinner (Fig. 16). process. With this flexibility and short

However, at O.54 a change in the Stantort response time only a skeleton matrix would be



computed to determine basic trends such as have
been illustrated here. A preliminary design Simulation of Steady Supersonic Flow Over an .r
could be developed from these trends, and from Ogive-Cylinder-Boattail Body," AIAA Paper 800066,
then on, only limited computations would be Pasadena CA, Jan. 80.

performed as the design matured. Because of

scheduling constraints this approach is nearly 6. Sturek, W.E. and Nylin, D.C., "Computational

impossible with a wind tunnel. One final factor Study of the Magnus Effect on Boattailed Shell,"

that needs to be considered in the cost analysis AIAA Journal , Vol. 20, No. 10, Oct. 82, pp.

is that the calculations provide not only the 1462-146.4.

forces and moments, but the entire flow field
including skin friction, heat transfer and 7. Sturek, W.B. and Schiff, L.B., "Numerical
pressure distributions at no additional cost. Simulation of Steady Supersonic Flow over -.

Normally, separate tunnel entries would have to Spinning Bodies of Revolution," AIAA Journal ,

be made for each, or, in many cases the designer Vol. 20, No. 12, Dec. 82, pp. 1724-1731.

might have to do without skin friction, heat

transfer, or pressure distribution results. This 8. Rubin, S.G., "A Review of Marching Procedures . -

additional information can lead to a more for Parabolized Navier-Stokes Equations,"
complete design and one in which there is more Symposium on Numerical and Physical Aspects of

confidence because of that completeness. When Aerodynamic Flows, California State Univ., Long

all of these factors are taken into account the Beach CA, Jan 81.
cost of design by computation of these simple

bodies with attached flow is an order of 9. Chaussee, D.S., Kutler, P., and Pulliam, T.
magnitude less costly than for wind tunnel H., "Three-Dimensional Viscous Flow Field
testing. In addition, as is noted in Reference Program: Part 1, Viscous Blunt Body Program

24, the two factors of flexibility and increased (Interim Report)," AFWAL-TM-81-63-FIMG, Mar 81.

confidence are of more importance than cost in

many cases. These factors impact other areas of 10. Chaussee, D.S. and Steger, J.L.,
the design and hence can reduce the overall "Three-Dimensional Viscous Flow Field Program:

design cycle time and thus reduce overall cost. Part 2, A Curvilinear Grid and Body Generation
Program for Generalized Configurations (Interim

V. Concluding Remarks Report)," AFWAL-TM-81-64-FIMG, Mar 81.

Based on calculations with a PNS code of a 11. Chaussee, D•S. and Steger, J.L.,

large number of cone-cylinder-lared "Three-Dimensional Viscous Flow Field Program:

configurations at several Mach numbers and Part 3, Parabolized Navier-Stokes Program Interim

Reynolds numbers under attached flow conditions Report," AFWAL-TM-81-65-FIMG, Mar 81.

the following conclusions can be drawn.
12. Schiff, L.B. and Steger, J.L., "Numerical

The PNS code examined provided flow field and Simulation of Steady Supersonic Viscous Flow,"

aerodynamic force and moment data of sufficient AIAA Journal, Vol. 18, Dec 80, pp. 1421-1430.
accuracy for general design of this class of

configurations. The PNS code provided reasonable 13. Beam R. and Warming, R.G., "An Implicit
estimates for the onset of separation on flared Factored Scheme for the Compressible Navier- r
bodies and hence, can be used as a tool to Stokes Equations," AIAA Journal, Vol 16, Apr 78, %
establish the design limits for attached flow. pp. 393-402.
The PNS calculations are a very cost effective
approach for the design of cone-cylinder-flared 14. Shanks, S.P., S-inivason, G.R., and Nicolet,

* configurations with attached flow. W.E., "AFWAL Parabolized Navier-Stokes Code: ."
Formlation and User's Manual," AFWAL-T-82-3034,
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